The pyruvate dehydrogenase complex (PDC) and acetyl-CoA carboxylase (ACC, EC 6.4.1.2) have been characterized in pea root plastids. PDC activity was optimum in the presence of 1.0 mM pyruvate, 1.5 mM NAD + , 0.1 mM CoA, 0.1 mM TPP, 5 mM MgCI 2 , 3.0 mM cysteine-HCI, and 0.1 M Tricine (pH 8.0) and represents approximately 47% of the total cellular activity. ACC activity was greatest in the presence of 1.0 mM acetyl-CoA, 4 mM NaHC0 3 , 3 mM ATP, 10 mM MgCI 2 , 2.5 mM dithiothreitol, and 100 mM Tricine (pH 8.0). Both enzymes were stimulated by reduced sutphydryl reagents and inhibited by sulphydryl inhibitors. ACC was also inhibited by malonyl-CoA while PDC was inhibited by both malonyl-CoA and NADH. Both enzymes were stimulated by DHAP and UDP-galactose while ACC was also stimulated by PEP and F1,6P. Palmitic acid and oleic acid both inhibited ACC, but had essentially no effect on PDC. Palmitoyl-CoA inhibited both enzymes while PA and Lyso-PA inhibited PDC, but stimulated ACC. The results presented support the hypothesis that PDC and ACC function in a co-ordinated fashion to promote glycolytic carbon flow to fatty acid biosynthesis in pea root plastids.
Introduction
Plastids carry out a number of metabolic processes that support a variety of functions important in the overall physiology of the plant cell. In non-photosynthetic plastids, these include in situ glycolytic metabolism and de novo fatty acid biosynthesis (FABS) (Ernes and Tobin, 1993) . Considerable evidence indicates that nonphotosynthetic plastids obtain much of the two-carbon precursor required for FABS (acetyl-CoA) through the concerted action of both their glycolytic pathway and PDC (Ernes and Tobin, 1993; Ohlrogge et ai, 1993) . In support of this hypothesis, several laboratories using a variety of non-photosynthetic plastids, have shown that a number of glycolytic intermediates are readily utilized for fatty acid biosynthesis (Kang and Rawsthorne, 1995; Qi et al., 1995; Smith et al, 1992) . In contrast, chloroplasts are thought to synthesize acetyl-CoA primarily from mitochondrial-derived cytoplasmic acetate via acetyl-CoA synthetase (EC 6.2.1.1) (Ohlrogge et al., 1993) . It should be emphasized, however, that these mechanisms for the generation of acetyl-CoA are not mutually exclusive and, as pointed out by Ohlrogge et al. (1993) , the in vivo source of the acetyl-CoA required for FABS remains to be established.
The regulation of carbon flow from plastidic glycolysis to FABS is not well understood. In general, plastidic ACC (EC 6.4.1.2) is an important control point for de novo fatty acid biosynthesis because it represents the 'first committed step' in the pathway (Ohlrogge et al., 1993) . This is supported by measurements of pool sizes of key intermediates of FABS and inhibitor studies using primarily photosynthetic systems (Page et al., 1994; PostBeittenmiller et al., 1991 PostBeittenmiller et al., , 1992 Shintani and Ohlrogge, 1995) . However, in non-photosynthetic plastids PDC may also be an important step in FABS because it represents a more direct source of the acetyl-CoA utilized by ACC, and may function to route glycolytic carbon to FABS in these plastids. Although these enzymes have been purified and characterized from a variety of sources, they have never been studied individually in a root plastid or together in the same system. Similarly, the extent to which the activities of these enzymes may be co-ordinated to facilitate carbon flow from plastidic glycolysis into FABS is not known. In an effort to understand how PDC and ACC might function together to control such carbon flow in non-photosynthetic plastids, the activities of both of these enzymes in pea root plastid preparations have been characterized.
Materials and methods

Plant materials and isolation of plastids
Seeds of pea (Pisum sativum L., cvs Improved Laxton's Progress or Kelvedon Wonder) were germinated under sterile conditions (Stahl and Sparace, 1991) . Plastids were isolated from germinating pea roots by one of two slightly different methods. For most experiments, plastids contained in a crude 500 g fraction (KJeppinger-Sparace et al., 1992) were routinely purified through 10% Percoll (Trimming and Ernes, 1993) , and washed and finally resuspended without BSA in 1.0 mM BTP (bis-trispropane) (pH 7.9) containing 0.33 M sorbitol to give approximately 1.0 mg plastid protein ml"
1 . For experiments designed to estimate the relative amounts of PDC in plastids versus mitochondria, plastids (the 'P5' fraction) were isolated from one half of the crude cell-free extract (200 g supernatant) by centrifugation at 4000 g for 5 min essentially as described by Trimming and Ernes (1993) . A similar plastid fraction enriched in mitochondria (the 'P20' fraction) was isolated by centrifuging the remaining half of the crude 200 g extract at 4000 g for 20 min. The P5 and P20 pellets were directly resuspended, without washing, in equal volumes of buffer (Trimming and Emes, 1993) without BSA.
Enzyme preparation and assay of PDC and ACC
Plastids were lysed with 0.1% Triton X-100 to release plastidic PDC and ACC. The Triton lysate was then clarified by centrifugation at 27000 g for 20 min (Reid et al., 1977) . The supernatant was concentrated with Centricon-30 filter protein concentrators (Amicon) and the resulting crude concentrate used as the enzyme source. Because plastidic PDC is a multienzyme complex and ACC (prokaryotic type II) from pea is a multi-subunit enzyme, and are both subject to loss of activity due to enzyme or subunit dissociation (Alban et al., 1994; Camp and Randall, 1985; Sasaki et al., 1995) , these enzymes were not purified further in order to minimize loss of activity due to excessive handling.
PDC activity was routinely measured spectrophotometrically at 30 °C using a Beckman Model Du 40 spectrophotometer. The assay mixture was initially based on that described by Camp and Randall (1985) . Each assay component was optimized for the pea root plastid enzyme. The revised reaction mixture used in the experiments reported here contained 0.1 mM TPP, 5mM MgCl 2 , 1.5 mM NAD + , 0.1 mM CoA, 3.0 mM cysteine-HCl, 1.0 mM pyruvate, and 0.1 M Tricine (pH 8.0) in a final volume of 1 ml. Reactions were initiated by the addition of 60 fi\ lysed plastids (corresponding to 30-40 fig of concentrated plastid lysate protein) and the change in absorbance due to NAD + reduction was followed for 15 min. Under these conditions, NADH production was linear with respect to time (up to 30 min) and protein concentration (up to 50 fig) . The activity of PDC was verified by using [1- 14 C]pyruvate and measuring the amount of 14 CO 2 released. For these experiments, assays were performed in Warburg flasks sealed with 'Subaseal' bungs and agitated on a water bath. The outer well contained the reaction mixture as described for the spectrophotometric assay, except that radioactive pyruvate (0.11 Ci mol" 1 ) was used and the reaction was terminated after 30 min by injecting 100 ^1 of 1 N acetic acid. Radioactive CO 2 was trapped in 0.2 ml of 5% (w/v) K.OH contained in the inner well. Radioactivity in the KOH was measured by liquid scintillation counting. Under these conditions, the amount of 14 CO 2 released was linear for at least 30 min. Unless otherwise indicated, activities of PDC shown are in nmol NADH formed min" 1 mg" 1 plastid lysate protein. ACC activity was determined by measuring the acetyl-CoAdependent incorporation of H 14 CO 3~ into acid-soluble, heatstable products (malonyl-CoA) using a modification of the assay procedure described by Nikolau et al. (1981) 3~ was measured in reaction mixtures containing the optimum concentrations of all cofactors for both enzymes except acetyl-CoA. These reaction mixtures contained 1.0 mM pyruvate, 0.1 mM CoA, 1.5 mM NAD + , 0.1 mM TPP, 4mM NaH I4 CO 3 (0.5 M Ci), 3mM ATP, 10 mM MgCl 2) 3.0 mM cysteine-HCl, 2.5 mM DTT, and 0.1 M Tricine (pH 8.0) in a final volume of 1 ml. Reaction mixtures were dispensed into spectrophotometer cuvettes and the reactions initiated by the addition of plastid lysate. The reduction of NAD + was measured for the first 15min of the reaction as described above. The reaction was then allowed to continue for an additional 15 min, after which it was terminated by the addition of HC1 and the amount of H 14 CO^~ fixed was determined as before.
Marker enzymes
Mitochondrial contamination in plastid preparations was assessed by measuring the activities of citrate synthase (EC 4.1.3.7), fumarase (EC 4.2.1.2), and succinate dehydrogenase (EC 1.3.99.1) at all steps in the purification of plastids. Activities of these enzymes were measured spectrophotometrically according to ap Rees et al (1983) , Racker (1950) , and Reid et al. (1977) , respectively. ADPGP (EC 2.7.7.27) was used as a plastid marker and measured according to Journet and Douce (1985) . All marker assays were carried out at 30 °C in a final volume of 1 ml.
Reagents
All organic cofactors, including buffers, were from the Sigma Chemical Co. (St Louis). Inorganic reagents were obtained from local suppliers and were of Reagent Grade or better. All experiments were performed at least twice. Unless otherwise indicated, data shown are the mean values of 2-4 replicate observations from representative experiments.
Results and discussion
Radiochemical assay of PDC
In order to eliminate the possibility of interference by other NAD(H)-dependent oxido/reductases in our crude plastid lysates, the expected stoichiometry of PDC was verified by measuring the release of 14 CO 2 from [1-14 C]pyruvate. In five separate determinations using lysed plastids, the rates of CO 2 release and NAD + reduction were identical, both 7.8±0.3nmol minting" 1 protein (data not shown). This indicates that the rate of NAD + reduction in the assays is an accurate estimate of the activity of PDC. Similar observations were made by Camp and Randall (1985) with pea chloroplasts. However, the radiochemical assay generally gave a higher background activity and less enzyme latency than observed with the spectrophotometric assay ( Table 1) . The latency of PDC was 38.6 + 7% (three determinations) with the radiochemical assay, but was consistently 100% with the spectrophotometric assay (data not shown). The difference in latencies obtained with these two assays reflects the fact that they measure two different reactions of the pyruvate dehydrogenase complex, each with substrates having different accessibility within the plastid. The spectrophotometric assay measures the CoA-dependent reduction of NAD + via the combined activities of all PDC and ACC in pea root plastids 1891 three enzymes of the complex (pyruvate lipoate oxidoreductase, EC 1.2.4.1; acetyl-CoA dihydrolipoate S-acetyl transferase, EC 2.3.1.12; and NADH lipoamide oxidoreductase, EC 1.6.4.3). The radiochemical assay, however, measures pyruvate decarboxylation involving only the first enzyme of the complex, which does not require CoA or NAD + . Since CoA and NAD + do not readily cross the plastid envelope while pyruvate is somewhat more accessible, the spectrophotometric assay can be expected to have higher latency than the radiochemical assay.
Analysis ofplastidic versus extraplastidic PDC
This investigation deals with plastidic PDC. However, this enzyme complex also occurs in mitochondria. The relative distribution of PDC between the plastids and mitochondria varies from one species or tissue to another (Lernmark and GardestrSm, 1994) , but is not known for roots. Furthermore, the dual location of this enzyme in plant cells raises the possibility of organellar or enzymic cross-contamination during isolation. Thus, in a series of preliminary experiments, the amounts of mitochondrial contamination in the routine Percoll-purified and washed plastid preparations were measured first. Succinate dehydrogenase and fumarase were not detectable in these plastids or their plastid lysate (data not shown) while only 0.1-0.3% of the total crude citrate synthase was recovered in these purified plastids. These observations indicate that the Percoll-purified plastids used in the enzymic studies are essentially free from mitochondrial contamination.
The relative amounts of plastidic versus mitochondrial PDC in pea roots were estimated by comparing the recovery of the activity of this enzyme complex to that of plastid and mitochondrial markers (ADPGP and citrate synthase, respectively) measured in the 'P5' plastid fraction and a similar plastid fraction enriched in mitochondria (the 'P20' fraction) ( Table 2 ). Centrifugation of the crude 200 g supernatant at 4000 g for either 5 or 20 min sedimented essentially the same amount of plastids as judged by the recovery of ADPGP. The longer centrifugation period effectively enriched the plastids with mitochondria (citrate synthase). As expected with this method, both the P5 and P20 fractions contain PDC and increasing amounts of mitochondrial contamination. Using the data from Table 2 in simultaneous equations (0.29x-f0.03v = 40 and 0.23x + 0.32>' = 71, where x and y represent the activity in plastids and mitochondria, respectively), it is calculated that plastids contain approximately 47% of the total PDC activity. This value may be a small overestimate of the contribution from the plastid compartment because of uncertainty about the optimum conditions for pea root mitochondrial PDC. The mitochondrial enzyme from pea leaves is optimal at pH 7.5 and shows about 13% less activity at the pH of 8 used in these experiments (Miernyk and Randall, 1987) . In any case, the estimate of plastidic PDC is in close agreement with measurements made with other non-photosynthetic plastids from various developing seeds (33, 50, and 67% in pea cotyledons, castor bean endosperm and rapeseed embryos, respectively) (Denyer and Smith, 1988; Kang and Rawsthorne, 1995; Reid et al, 1975) , but is greater than the 13-25% estimated for pea chloroplasts and less than the 78-87% for other chloroplasts (Lernmark and Gardestr6m, 1994; Williams and Randall, 1979) .
Cofactor requirements for PDC and ACC
Pea root plastid PDC and ACC were both essentially completely dependent on their three respective co-substrates (Table 3) . Omission of any substrate for either enzyme resulted in less than 5% of the control activity. .K m s for pyruvate, NAD + and CoA for PDC were estimated to be 0.19, 0.25 and 0.02 mM, respectively, while K m s for acetyl-CoA, HCO 3 " and ATP for ACC were estimated to be 0.28, 1.2 and 0.8 mM, respectively. Similarly, both enzymes were greatly dependent on Mg 2 * and a reduced thiol. The thiol requirement for these enzymes could be satisfied by a variety of reduced thiols while both enzymes were greatly inhibited by relatively routine sulphydryl inhibitors (data not shown). PDC was only partly dependent on exogenously supplied TPP. Depending on the buffer, both enzymes were optimal at pH 8. The results are in good agreement with similar studies of these enzymes from a variety of other sources including PDC from pea chloroplasts (Camp and Randall, 1985; Williams and Randall, 1979) and castor bean proplastids (Reid et al, 1977; Thompson et al, 1977a, b) and ACC from several developing seeds (pea, soybean, castor bean, and rape; Bettey et al, 1992; Charles et al, 1986; Finlayson and Dennis, 1983; Slabas and Hellyer, 1985) , corn leaves (Nikolau and Hawke, 1984) , cultured parsley cells (Egin-Buhler and Ebel, 1983) , and avocado plastids and spinach chloroplasts (Mohan and Kekwick, 1980) . It should be emphasized, however, that comparisons between our findings for pea root plastid ACC and these earlier studies are difficult in view of the recently discovered multiple forms and compartments for ACC (Sasaki et al, 1995) . It is likely that most of these earlier studies involve the eukaryotic type I ACC while our results have been obtained with the prokaryotic type II form of the enzyme. In this regard, the observations are in good agreement with Alban et al. (1994) . They partially purified and characterized the prokaryotic ACC from pea chloroplasts and reported ^ms of 0.25, 0.87, and 0.27 mM for acetyl-CoA, NaHCO 3 and ATP, respectively.
Effects of end-products and related metabolites
PDC and ACC were both variously inhibited in a concentration-dependent mariner by the products of their reactions (Table 4) . At the highest concentrations tested (2mM), NADH and acetyl-CoA reduced PDC activity by approximately 88% and 70%, respectively. NADPH, even though not a product of the reaction, also had a small (up to 28%) inhibitory effect on PDC. Similarly, ACC was inhibited 72% and 54% by its reaction products, malonyl-CoA and ADP, respectively, while the reduced nucleotides NADH and NADPH had similar, but relatively small (up to 12%) inhibitory effects. It is interesting to note that concentrations of malonyl-CoA inhibitory to ACC also caused essentially the same amount of inhibition of PDC. These observations suggest that the plastidic levels of NADH, acetyl-CoA, malonyl-CoA and ADP may have the greatest influence in restricting carbon flow from pyruvate to fatty acid biosynthesis in pea root plastids. More specifically, the build-up or accumulation of any metabolites within the plastid that might inhibit ACC (particularly ADP and malonyl-CoA) would also lead to an inhibition of PDC, while an accumulation of NADH or acetyl-CoA would preferentially inhibit PDC. The extent to which this type of regulation operates in pea root plastids greatly depends on the relative in vivo concentrations of substrates versus products for these enzymes within the root plastid. The observations are in general agreement with related studies (Bettey et al, 1992; Budde et al, 1991; Roessler, 1990; Thompson et al, 1977ft) , although inhibition of PDC by malonyl-CoA in those systems was not reported.
Effects of glycolytic, lipid and related metabolites
Metabolically, PDC and ACC are essentially mid-point between plastidic glycolysis and complex lipid biosynthesis. Various intermediates or products of these pathways can affect or regulate the activities of these enzymes (Burton and Stumpf, 1966; Finlayson and Dennis, 1983; Hoppe et al, 1993; Roessler, 1990) . It was thus of some interest to determine if any key intermediates of these pathways or related metabolites might affect the activities of PDC or ACC in pea root plastids. Among the intermediates tested (2.5 mM each), DHAP, PEP, F1,6P, and UDP-galactose had the greatest effects (Table 5) . DHAP "The control rates of PDC and ACC in experiment 1 were 9.2 and 8.3 nmol min" 1 mg"', respectively, and 9.8 and 8.1 nmol min" 1 mg"
and UDP-galactose each stimulated both PDC (35% and 18% stimulation, respectively) and ACC (24% and 43% stimulation, respectively). Similarly, F1,6P and PEP stimulated ACC by about 35% and 44%, respectively, but had essentially no effect on PDC. Among other metabolites tested, 3PGA, 2PGA, G3P, glucose, Glc6P, and Fru6P (each at 2.5 mM) all had essentially no effect on either PDC or ACC (data not shown). These observations suggest that the levels of DHAP, PEP, F1,6P, and UDPgalactose in pea root plastids may play a role in ensuring efficient carbon flow to fatty acid biosynthesis when glycolytic metabolism is active by modulating the activities of PDC and ACC.
The results with DHAP and UDP-galactose are of particular interest in terms of overall plastid physiology. DHAP is a central metabolite of plastids. It is perhaps the metabolite most actively translocated into and out of plastids via the phosphate translocator (Flugge and Heldt, 1991; Borchert et al., 1993; Qi et al, 1994) . Consequently, the levels of intraplastidic DHAP might be expected to have the greatest variability as well as the most rapid changes, depending on the physiological status of the plastid. High levels of intraplastidic DHAP may serve as a biochemical signal for adequate carbon for fatty acid biosynthesis and result in greater activities of both PDC and ACC. Similarly, cytoplasmic UDP-galactose is an immediate precursor of the plastidic galactolipids (monoand digalactosyldiacylglycerols). These lipids represent over 50% of the total chloroplast glycerolipids (Harwood, 1980) and approximately 30% of the total glycerolipid of pea root plastids (Xue and Sparace, unpublished observations). In the presence of UDP-galactose, total fatty acid biosynthesis from acetate by intact pea root plastids is stimulated up to 60% (McCune and Sparace, unpublished observations). It is speculated that galactolipid biosynthesis represents a relatively large demand for carbon (in the form of fatty acids) required for galactolipid assembly. Meeting this demand would be facilitated through increased activities of both PDC and ACC in the presence of UDP-galactose.
A number of acyl lipid metabolites were also tested for their effects on PDC and ACC (Table 6 ). Free palmitic and oleic acid (up to 2 mM) both had essentially no effect on PDC, but progressively inhibited ACC up to 47% and 43%, respectively. At 2 mM, palmitoyl-CoA inhibited both PDC and ACC (45% and 55% inhibition, respectively). PA and Lyso-PA had opposite effects on these two enzymes. Both progressively inhibited PDC (45% and 48%, respectively at 2mM) but stimulated ACC (15% and 30%, respectively at 2 mM). Lyso-PC had essentially no effect on PDC and ACC. Some caution, however, should be exercised in the interpretation of these results since some of the observed effects could be due to detergent effects of these lipids. It was not determined if enzyme or subunit dissociations were involved in the loss of activity observed in these experiments. Nevertheless, the results with ACC are in general agreement with similar studies of ACC from Cyclotella cryptica (Roessler, 1990) and maize leaves (Nikolau and Hawke, 1984) and support the idea that an accumulation of any of these lipid metabolites (except for Lyso-PC) would lead to reduced carbon flow from plastidic glycolysis to fatty acid biosynthesis by inhibiting either PDC or ACC.
Pyruvate-dependent bicarbonate fixation
Because PDC and ACC catalyse sequential reactions in pea root plastids, the ability to carry out pyruvatedependent HCO 3~ fixation was determined along with simultaneous measurement of each enzyme individually (NAD + reduction for PDC and HCO 3~ fixation for ACC, respectively) ( Table 7) . As expected from previous kinetic Similarly, addition of acetyl-CoA alone resulted in high amounts of ACC activity without affecting PDC activity. Most importantly, when pyruvate was substituted for acetyl-CoA, the rate of HCO^" fixation equalled the rate of NAD + reduction, indicating that plastidic PDC can provide acetyl-CoA for ACC. Finally, it is worth noting that the individual rates of PDC and ACC in the coupled reaction mixture were only about half those observed throughout this investigation. It is likely that one or both of these enzymes were partly inhibited by some of the components of the coupled enzyme reaction mixture (e.g. it was found that PDC was partly and non-specifically inhibited by ATP via chelation of Mg 2+ ).
Conclusions
The cofactor requirements and optimum pH of PDC and ACC from pea root plastids are similar to those of other photosynthetic and non-photosynthetic plastids. More importantly, the results presented here indicate that the biochemical regulation of these two enzymes is such that their activities are likely to be co-ordinated in pea root plastids. In this regard, both enzymes have very similar optimum rates of activity. Both enzymes have similar pH optima and require Mg 2 " 1 " as a divalent cation. Similarly, both enzymes are dependent on reduced thiols and inhibited by sulphydryl reactive inhibitors. Both enzymes are also somewhat stimulated (20-40%) by DHAP and UDPgalactose and variously inhibited by malonyl-CoA, free fatty acids, and at least one acyl-CoA derivative (palmitoyl-CoA). These observations are consistent with the idea that PDC and ACC may function together to maintain the flow of glycolytic carbon to fatty acid biosynthesis. Similarly, the observations suggest that any changes in plastid lipid biosynthesis that lead to increased PDC and ACC in pea root plastids 1895 levels of free fatty acids, acyl-CoAs, malonyl-CoA, acetylCoA or NADH would result in decreased activity of PDC. The latter would effectively restrict carbon flow from glycolysis to fatty acid biosynthesis. Glycolytic carbon flow might then be re-routed to plastidic starch biosynthesis or amino acid biosynthesis and the oxidative pentose phosphate pathway for nitrate assimilation.
